Introduction
The largest and most economically important resources of platinum-group elements (PGE) in the world are deposits associated with magmatic sulfides, whereby PGE are collected by immiscible sulfide liquids following the separation of a sulfide melt from a silicate magma. An extensive review of the formation and nature of magmatic sulfide deposits can be found in Naldrett (2004) and for PGE deposits in Maier (2005) . The deposits include those with low volumes of sulfides in reef type settings within maficultramafic intrusions, such as the J-M Reef of the Stillwater Complex, Montana, USA; medium-volume sulfide deposits often in marginal or basal settings within similar intrusions (e.g. Platreef, Bushveld Complex, South Africa); and in high-volume sulfide deposits such as those in conduit settings (e.g. Noril'sk, Russia). For the latter two types of deposit, contamination from country rocks during emplacement has often had a controlling effect on the genesis of the sulfide mineralization, the volume of sulfide, the resultant mineralogy and/or the enrichment of PGE in the sulfide liquid. While it is possible to assess the role of external sulfur from contamination in the final sulfide product using sulfur isotopes (e.g. , it has so far not been possible to quantify the relative timing of any addition of sulfur and therefore its role as either a trigger for sulfide saturation or merely in an ore-modifying process (e.g. for the Platreef, ). This is due to the open-system nature of the environment of fractionational crystallization of the sulfide liquids. The determination of sources of sulfur and precious metals in such deposits is fundamental in developing ore genesis models.
In this study, we have identified droplets of magmatic sulfide from one such deposit (the Platreef) that have been trapped in an early forming host mineral, chromite. As these have been trapped at a very early stage in the magmatic history and at high temperatures, the metal concentrations and isotopic ratios that they display are more likely to constrain the nature of the initial sulfide liquid in the magma. This is because they will have cooled and fractionated within an essentially closed system imposed by the host. Comparison of these inclusions with fractionated sulfide blebs formed from the crystallization of an interstitial, immiscible sulfide liquid, open to contamination and upgrading/dilution of precious metals and/or S during its cooling history can determine the triggering mechanism of sulfide saturation, the initial source of sulfur and precious metals and the relative timing of precious metal enrichment.
This paper details a novel approach to this problem whereby sulfide inclusions in an opaque mineral such as chromite are homogenized and quenched quickly before cutting, polishing and subsequent analysis by laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS). This potentially removes any bias caused by fractionation and subsequent partial sampling that analysis of unhomogenized or partially polished samples are subject to, so that an accurate assessment of the initial sulfide liquid in terms of metal contents and isotope ratios can be made. The wider implications of this technique are also discussed in terms of genetic and exploration models.
The Platreef
The Bushveld Complex in South Africa is the world's largest layered igneous intrusion, made up of a 7-8-km-thick sequence of mafic and ultramafic lithologies covering an area of 65,000 km 2 (Eales and Cawthorn 1996) . It is the largest repository of magmatic ore deposits on Earth and contains around 75% of the world's resources of platinumgroup elements in three main deposits: the UG2 chromitite, the Merensky Reef and the Platreef (Jollie 2009 ). The Platreef is a 10-to 400-m-thick unit of pyroxenitic lithologies with platinum-group element (PGE) and base metal sulfide (BMS) mineralization located in the northern limb of the Complex (Kinnaird and McDonald 2005) . North from the town of Mokopane, the Platreef forms the base of the Bushveld layered igneous sequence and rests unconformably upon a succession of progressively older sedimentary units of the late Archean-early Proterozoic Transvaal Supergroup and Archean basement (Fig. 1) . Northwards from Mokopane, these footwall units are comprised of quartzites and shales of the Timeball Hill Formation; shales of the Duitschland Formation; the Penge banded iron formation; the Malmani Subgroup dolomites; and, north from the farm Zwartfontein, Archean basement granites and gneisses, which form the footwall on the farm Overysel. The Platreef is overlain by norites and gabbronorites generally assigned to the Main Zone of the Complex (Fig. 1) .
Mining of the Platreef by Anglo American since the mid 1990s plus a host of exploration by other companies has facilitated an expanding number of academic studies to be performed over the past decade. Many of these have been undertaken on Anglo Platinum's property between the farms Tweefontein and Overysel (Fig. 1) , including studies of Platreef contamination, mineralization, structure, geochemistry, emplacement and mineralogy by Harris and Chaumba (2001) , Armitage et al. (2002) , McDonald et al. (2005) , Holwell et al. (2005 , and McDonald (2006, 2007) . Exploration along strike by other companies has also enabled the studies of the Platreef from drillcore in the area around Turfspruit and Macalacaskop by , Kinnaird (2005) , Hutchinson and Kinnaird (2005) , Sharman- Harris et al. (2005) and Hutchinson and McDonald (2008) . In addition, Manyeruke et al. (2005) presented a paper detailing the characteristics of the Platreef from the farm Piet Potgietersrust Town and Townlands, around Mokopane. Many of these studies have shown that contamination has played a role in the development of Platreef mineralization (Manyeruke et al. 2005; Sharman-Harris et al. 2005) , although showed using S isotopes that contamination is likely to have been an ore-modifying, rather than an ore-triggering, process. Furthermore, McDonald and Holwell (2007) and McDonald et al. (2009) developed this to suggest that PGE enrichment occurred prior to intrusion, possibly in a staging chamber or conduit system, with PGE-rich sulfide being brought in with the Platreef magma during emplacement. This study aims to test this model by identifying evidence of this pre-enriched sulfide liquid in sulfide melt inclusions.
The significance of sulfide melt inclusions
The study of silicate melt inclusions is well developed for applications looking into compositions of early-stage melts in magmatic and mantle systems (e.g. Kamenetsky 1996; Danyushevsky et al. 2000 Danyushevsky et al. , 2001 Spandler et al. 2000 Spandler et al. , 2005 . The homogenization of these inclusions by heating and subsequent quenching produces glasses with compositions likely to represent that of the trapped melt. The study of sulfide inclusions is less common, and less well developed, with only a few examples of a similar homogenization technique (Sparks and Mavrogenes 2005; McNeill et al. 2008 ). In the same way that trapped silicate melt inclusions can reveal the composition of parental silicate magmas, so too can sulfide inclusions reveal the parental compositions of sulfide melts within magmatic systems.
The mechanisms of sulfide saturation involved in producing sulfide liquids and economic sulfide deposits include the addition of external sulfur from country rocks (e.g. , contamination by silica due to the assimilation of felsic country rocks (e.g. Li and Naldrett 1993) and an increase in magma oxygen fugacity, for example, in response to the assimilation of oxygen-bearing country rocks (Buchanan and Nolan 1979) . As a variety of contamination-related processes are capable of inducing S saturation, basal and marginal sulfide mineralization is a common feature of many layered intrusions such as Noril'sk, the Duluth Complex, Voisey's Bay and the Uitkomst Complex (Li et al. 2002) .
It is in these marginal settings that the genesis of these deposits is most contentious. While contamination is often invoked as the causative mechanism for the sulfide saturation, it is also possible that the sulfide is magmatic in origin, and any contamination-related effects are merely secondary or upgrade the sulfur content. Recent S isotope work has suggested that the Platreef is an example of this latter situation ). The use of sulfur isotopes can be used to determine the origin of the sulfur in the sulfides, providing the contaminant has a d 34 S signature significantly different to primary, normal mantle-derived S associated with mafic and ultramafic magmatic rocks (d 34 S 0 ± 2%, Omhoto and Rye Ohmoto and Rye 1979). This method reveals whether any external sulfide has had a role in the genesis of the final sulfide product. However, as the crystallization of the sulfide takes place in an open system where immiscible sulfide droplets can interact with the interstitial silicate magma during crystallization, this contamination could take place at any time after emplacement, and it becomes impossible to determine the relative timing of that contamination. Therefore, it is not necessarily possible to distinguish between an initially magmatic sulfide subsequently contaminated and one that formed initially due to the addition of external sulfide. The exception to this is if there are inclusions of sulfide in early forming minerals such as chromite or olivine. In addition to determining the initial source of sulfur in such inclusions, the precious metal contents of these will also reveal whether the initial sulfide liquid was relatively enriched or depleted in these metals compared to the final sulfide product. This is because as trapped droplets, any fractionation will occur within the droplet, with little or no ability for any fractionated liquid or fluid-rich phase to migrate away, as is possible with the interstitial droplets. Conversely, no further enrichment of precious metals by scavenging from the silicate magma or S upgrading from contamination with a S-bearing country rock can occur for the same reason. Therefore, metal ratios, metal abundances and isotope ratios in these early trapped liquid droplets can provide evidence of the composition of early-stage mineralizing sulfide which is fundamental in testing genetic models. For example, a higher PGE tenor in the initial sulfide would imply dissolution during crystallization of the sulfide liquid (i.e. PGE enrichment must have occurred prior to emplacement, and sulfur is added during emplacement of the magma, possibly via contamination), whereas a lower PGE content in the initial sulfide would imply that PGE enrichment occurred in situ, with the main sulfide liquidscavenging PGE from the silicate magma during cooling and subsequent crystallization of a PGE-rich sulfide. In addition, as Re and Os are chalcophile and would be preferentially retained in the sulfide, the droplets would retain Os isotope ratios indicative of the initial sulfide liquid, rather than any contamination associated with the interstitial melt. This could be used to resolve the origin of the precious metals in terms of mantle versus crustal components in a more robust manner than could be achieved using bulk sulfides.
The identification of trapped inclusions of sulfide within early forming minerals and their subsequent analysis is therefore hugely important in distinguishing the source of both the sulfide and the metals within it. The ability to do this has fundamental implications not just for genetic models for individual deposits but for strategies employed in the exploration of marginal PGE deposits.
Samples and methods
In this study, we have identified droplets of sulfide within very early crystallising chromite in the Platreef, Bushveld Complex, South Africa (Fig. 1) . This pilot study utilizes samples taken from borehole core drilled on the farm Overysel by Anglo Platinum. Samples are taken from boreholes OY335 and OY517, drilled close to the surface outcrop of the Platreef in the southeast corner of the farm, and from a down-dip portion of the Platreef sampled at depth in borehole MO1, drilled on the boundary between Overysel and the adjacent farm Moordkopje (Fig. 1) .
The petrology and mineralogy of the Platreef at Overysel has been described in detail by Cawthorn et al. (1985) and by . Details of the platinum-group mineralogy are given in . The Platreef at Overysel is made up of medium-to coarse-grained feldspathic pyroxenites, containing [75% cumulus orthopyroxene, with intercumulus plagioclase and a little clinopyroxene, with accessory base metal sulfides and chromite. Quartz becomes more common as an accessory phase within the interstitial assemblage as the footwall contact is approached. The samples used in this study from the OY335 and OY517 boreholes are from close to the base of the Platreef succession in a 5-m-thick unit of feldspathic pyroxenite with disseminated chromite. A 2-m-thick chromite-free feldspathic pyroxenites separate this unit from the banded gneisses of the Archean basement. The rocks contain around 70% cumulus orthopyroxene, which range in texture from fine-to medium-grain size, 15% intercumulus plagioclase, heavily altered by sericitisation and saussuritization, and 10% intercumulus clinopyroxene. The remainder of the assemblage is made up of minor quartz, chromite, phlogopite and base metal sulfides. In the MO1 core, chromite occurs as a pocket of chromite-rich coarse-grained feldspathic pyroxenites, grading into chromitite in places, present in the central part of a thick ([300 m) Platreef succession.
The samples contain around 1-20% chromite, most commonly present in the interstitial areas along with plagioclase, sometimes as clusters of several grains or as polygrain aggregates (Fig. 2) . Some grains are, however, present as inclusions within the cumulus orthopyroxene grains (Fig. 2) . The chromite grains are euhedral and range in size from 0.1 mm up to around 0.5 mm and are clearly the earliest formed phase in the crystallization history. Compositionally, the chromites contain around 42 wt% Cr 2 O 3 and are relatively high in Fe-and Ti-rich, containing around 43 wt% FeO and 2 wt% TiO 2 . Yudovskaya and Kinnaird (2010) presented data for chromite along the whole strike length of the Platreef between Macalacaskop and Overysel, and these compositions are consistent with their large dataset.
Laser-ablation ICP-MS on sulfide inclusions was carried out using a New Wave Research UP213 UV laser system coupled to a Thermo X Series ICP-MS at Cardiff University. Ablations were carried out under He (flow rate *0.7 L/min) and the resulting vapor combined with Ar (flow rate 0.56-0.65 L/min) before delivery to the ICP-MS. Most analyses were performed using a 30-lm laser spot. Sb and 209 Bi were also analyzed as these elements commonly form PGM. The acquisitions typically lasted 60 s, consisting of 45 s of measurement of the gas blank followed by 15 ablation which, due to the small size of the inclusions, was enough time to completely vaporise the target. Sulfur was determined by internal standard corrections using 33 S and S determined by SEM on homogenized and unhomogenized sulfides. Major elements were also analyzed in homogenized inclusions by area analysis using SEM-EDA techniques. Full details of the LA-ICP-MS analytical conditions and standards are described in McDonald (2005) and , and examples of the technique applied to interstitial Platreef sulfide blebs are described in and Hutchinson and McDonald (2008) . The PGE-bearing pyrrhotite standard Po724, distributed by Memorial University , was analyzed as an external certified reference material at the beginning and the end of an analytical run to check the calibration achieved using the Cardiff sulfide standards (which include known quantities of all the metals and semi-metals listed in the data Table 2 ). Identical spot analyses to those used for the sulfide inclusions were performed using of Po724 as an unknown and are compared with the certified values in Table 1 . All elements shown in Table 2 are quantitative, following calibration with the standards mentioned above.
Unhomogenized inclusions

Mineralogy
Sulfide inclusions are visible in around 2% of the chromite grains in section, although in three dimensions, presumably a larger overall percentage of the grains hold inclusions. The inclusions display negative crystal shapes imposed by the crystal structure of the host chromite, commonly producing inclusions with a hexagonal morphology that were almost always in the size range 10-30 lm across, with exceptions up to 100 lm (Fig. 3) . Similar trapped sulfide inclusions have been described from chromites in the Andriamena region of Madagascar by Ohnenstetter et al. (1999) and McDonald et al. (1999) .
The timing of capture of the sulfide droplets by the host mineral is fundamentally important if trying to relate the composition of the inclusions themselves to any parental sulfide liquid. The solidus temperature for chromite is very high, being in the region of 1,200-1,400°C, depending on oxygen fugacity and pressure (Roeder and Reynolds 1991) . The morphology of the included sulfide droplets (Fig. 3) implies that when the inclusions were trapped by the crystallising chromite, they remained liquid as the chromite crystallized, thus inheriting their morphology from the chromite, which would be expected as a sulfide liquid will not begin to crystallise until around 1,000°C. Thus, the sulfide inclusions within the chromite represent droplets of sulfide liquid present within the magma at temperatures of Certified values n/a n/a n/a n/a 37.0 ± 1.0 37.0 ± 1.7 45.0 ± 0.8 35.2 ± 1.9 36.2 ± 0.5 35.9 ± 0.7 47.3 ± 2.4 Samples are from borehole OY335 (unhomogenized) and OY335 and OY517 (homogenized). Variations in absolute concentration between inclusions are in part related to the size of the inclusion. Bulk rock data and tenors (average Platreef bulk rock recalculated to 100% sulfide) from at least 1,200°C, during the crystallization of the earliest solidus phase, chromite. The sulfide inclusions are commonly polyphase, fractionated blebs containing a typically magmatic assemblage of pyrrhotite, pentlandite and chalcopyrite, with many also containing pyrite coexisting with pyrrhotite (Fig. 3d, f) . Some inclusions that only appeared to be composed of a single phase (e.g. Fig. 3b ) may have contained other phases that were not exposed on the polished surface. However, in many cases (such as that in Fig. 3b) , small chalcopyritedominated inclusions were often observed close to larger, Ni-Fe dominated inclusions. Conversely, some fractionated phases within the inclusion must have been polished away, and therefore the two-dimensional appearance of a single inclusion is unlikely to represent its true modal mineralogy. Nevertheless, the majority of the smaller single-phase inclusions, often present as 'satellite' inclusions around larger polyphase inclusions, were dominated by chalcopyrite. Some platinum-group minerals (PGM), including cooperite (PtS), laurite (RuS 2 ), moncheite (PtTe 2 ) and sperrylite (PtAs 2 ), were present in some inclusions and were generally present at the margins of the bleb or at sulfide grain boundaries within the inclusion (Fig. 3c, d, f) .
LA-ICP-MS of unhomogenized inclusions
A series of spot analyses on 16 unhomogenized inclusions located in cut and polished sections of chromite from the Platreef were performed. Spot analyses were performed in order to ablate as much inclusion material as possible. A laser spot size of 30 lm was found to be sufficient to ensure the total ablation of the majority of the inclusions. Larger inclusions ([40 lm) were ablated using a laser spot size of 55 lm. Due to the distinctly different compositions between sulfide and chromite, it was possible to resolve and isolate portions of the laser time spectra contributed by sulfide and chromite for signal processing. In all the analyses, Cu, Ni and all of the PGE were detected in varying amounts. In addition, most, but not all inclusions, had some detectable Au and semi-metals. Figures 4a-d show examples of time-resolved analysis (TRA) spectra from the laser ablation of three separate sulfide inclusions, which are typical of the patterns from all the analyses we undertook. Each laser ablation analysis is shown on two separate diagrams, with Cu, Pd, Pt, Au, and the semimetals shown on the first, and Ni, Rh and the IPGE shown on the second. S and Zn (effectively monitors of inclusion/ chromite material, respectively) are depicted on both diagrams in each pair.
Figures 4a and b show the TRA spectra of a relatively small inclusion, showing peaks in most elements in the first few seconds after the laser is switched on (at 43 s). Cu shows a slightly delayed peak to Ni, and this is likely to be a function of the relative proportions of chalcopyrite and pentlandite sampled by the laser as the pit was ablated. Pt, Pd and the semi-metals show a good correlation with each other, though not necessarily with Cu. The IPGE and Rh show a good correlation with each other and with Ni, as would be expected if these elements partitioned into pentlandite. The readings of the elements present within the inclusion then drop away dramatically due to the laser ablating the entire inclusion in a very short period of time due to their small size, and the plateau attained by the Zn signal indicates total ablation of the inclusion. In addition, the amount of material released from a spot ablation decreases with penetrated depth, and spot analyses usually display patterns with a sharp peak followed by a gradual decrease.
The TRA spectra in Fig. 4c and d show a distinctive arched pattern over a period of around 10 s. The arch shape is caused by the diameter of the inclusion increasing and then decreasing with depth, such that the original exposed surface revealed only the tip of the inclusion. In comparison with that represented in Figs. 4a and b, this is a much larger inclusion. Internally, the composition is heterogeneous showing clear internal fractionation of the droplet, especially with regard to the PGE. Pd and the IPGE tend to mirror the Ni and S signals, and Pt seems to be controlled by Bi and Te, suggestive of its presence as Pt-Bi-Te PGM, rather than in solid solution within the sulfides. Cu and Ni again give different peaks, and Cu gives a slight 'M'-shaped profile. This can be explained when combined with the Ni signal to indicate that the initial ablation sampled relatively more chalcopyrite, then more pentlandite, then more chalcopyrite again at the end, which would be consistent with chalcopyrite forming the rim of the inclusion.
Occasionally, two inclusions were sampled, usually a smaller, Cu-dominant one (e.g. Fig. 3b ) and a larger, Niand Cu-rich inclusions. In these occurrences, the second ablation was completely coincidental as this was not visible beneath the surface of the opaque mineral. The TRA spectra patterns shown in the larger inclusions are similar to that in Fig. 4c and d , with Pd, Rh and the IPGE roughly following S and Ni, whereas Pt has a distinct peak associated with Te and Bi. Copper again has a separate peak to Ni. In the smaller, Cu-dominant inclusions, Ni was comparatively low, and not all the PGE were present. It is unclear whether this is due to only partial sampling or whether the smaller inclusion was of a different composition.
The sulfide inclusions studied by Sparks and Mavrogenes (2005) could be observed microscopically below the surface of their garnet hosts and analyzed without exposing the inclusion. Chromite is an opaque mineral, and in order to avoid resorting to random laser sampling, inclusions must be exposed by polishing. The relationships identified in the TRA spectra clearly show the fractionated nature of the inclusions, and this poses a problem in terms of calculating a bulk composition for each inclusion. Obviously, ablating roughly spherical inclusions that have been exposed in the surface of a polished block will not sample 100% of the original inclusion, as some must be lost in the polishing process to expose the inclusion in the first place. Because there is obvious internal fractionation within the inclusions as revealed by the TRA spectra and the SEM analyses, none of the individual ablations will accurately represent the bulk composition, as some fractionated phases may have been polished away. A possible exception is the case shown where a second inclusion is ablated beneath the surface; however, even here there is no way of telling if all the inclusion was ablated. This first-order sampling problem in opaque phases is likely to particularly affect the most fractionated phases present around the margins of the inclusions (most likely Pt, Pd, Au and semi-metal bearing phases, e.g. Helmy et al. (2006) ).
The actual compositions of the inclusions (or more specifically the parts thereof that were ablated) are shown in Table 1 and on a chondrite normalized diagram in Fig. 5a . Actual abundances are extremely high although variable between individual analyses. In part, differences in bulk composition can be attributed to the size of the inclusion with the high concentrations equating to large inclusions, as some host material will always be ablated in each analysis, and thus the relative amount of ablated material that was composed of sulfide material is greater in cases of larger inclusions, but using the same laser spot size. There are also differences in relative abundance of elements within each inclusion. In particular, Pt and Au are particularly variable. It is likely that these variations and anomalies are caused by the fractionation and subsequent polishing and sampling effect. In an attempt to reduce this, we have averaged the compositions from all the individual analyses, with the rationale being that over the range of analyses, an average will be more closely representative of bulk inclusion composition. Figure 5 also shows the average of the inclusion compositions, together with the average bulk rock PGE composition for the samples containing the inclusions. These bulk rock values are also shown in Table 2 . The averaged inclusion and bulk rock profiles are similar, indicating that this may better represent a true composition of the sulfide inclusions, although gold is still relatively much lower in the inclusions. There are problems with this approach, however, as there is the possibility that different inclusions may have different compositions to begin with and also that the whole-rock analysis that is used as a comparison includes interstitial sulfides within the pyroxenites in addition to any inclusions within the chromite grains.
Homogenized inclusions
In order to overcome the problems clearly posed by the loss of fractionated material during polishing and/or sampling in opaque minerals such as chromite, we attempted to homogenize the sulfide inclusions by heating the samples to a temperature of 1,195°C, which would be sufficient to melt the sulfides (which should melt below 1,000°C, e.g. Barnes et al. 2006 ), but not the surrounding chromite material that should be stable at temperatures below 1,200°C (Roeder and Reynolds 1991) , before quenching quickly to produce homogenized inclusions. Importantly, the sample was then cut and polished after this process to expose multiple inclusions that had been homogenized as complete droplets beneath the surface of the sample. This approach is summarized schematically in Fig. 6 . This novel approach produces inclusions that are completely homogenized, and the effects of polishing and incomplete ablation are minimized, with any LA-ICP-MS analysis of a cut homogenized inclusion in principle being representative of the initial composition of the included droplet as a whole.
Details of method
Homogenization experiments were performed at 1,195°C in a vertical tube, 1 atmosphere gas mixing furnace and quenched rapidly to room temperature by dropping into water. Samples of chromite-bearing pyroxenite were cut into 1 9 1 9 0.5 cm blocks, held in a Pt wire cage and suspended from a drop-quench apparatus using a fine 0.1-mm Pt wire. Samples were introduced to the cold zone of the CO 2 -flushed furnace tube. H 2 gas was added to the CO 2 stream by means of a precision gas proportioner to generate an fO 2 close to QFM-1 at the hot-spot temperature (Deines et al. 1974) to prevent oxidation of the inclusions as well as the bulk sample. The samples were then lowered into the furnace hot-spot and held at temperature for 90-100 min. The homogenization temperature was monitored using an R-type thermocouple positioned close to the sample in the furnace. Samples were quenched rapidly by electrically fusing the 0.1-mm Pt wire that permitted the sample to drop directly into a cold water trap attached to the furnace tube.
There are a number of advantages of this approach over the homogenization technique used by Sparks and Mavrogenes (2005) , which used a 1/2 piston cylinder. Primarily, relatively large block samples can be homogenized, potentially providing tens to hundreds of melt inclusions that can be exposed by successive polishing steps. In addition, the quench rate that can be achieved with our technique means that a large number of samples can be processed fairly quickly with modest preparation.
Mineralogy of homogenized inclusions
The textures of the homogenized inclusions are shown in Fig. 7a-d . The inclusions have kept their shape as would be expected if the chromite host was unaffected by the heating. Cracks across the chromite grains in Figs. 7a and c are from the subsequent cutting and polishing following quenching, and there is no evidence of draining of sulfide material through any cracks in the chromite host. Typically, a very fine-grained myrmekitic or cell exsolution texture is observed, which is characteristic of rapidly quenched sulfide melts (Sparks and Mavrogenes 2005; McNeill et al. 2008 ). Figure 8a and b shows a split TRA spectra for one of the homogenized inclusions, typical of all analyses performed on this material. The most striking feature of these profiles is the extremely smooth patterns present for all elements, Fig. 6 Schematic representation of the problem with polishing and subsequent sampling of (a and b) fractionated material in an opaque phase and (c and d) the solution by homogenizing the inclusions Fig. 7 Mineralogy of a number of homogenized sulfide (sul) inclusions within chromite (chr), showing myrmekitic and cell exsolution textures. Note the myrmekitic melt texture of the silicates (sil) in a which mirror each other, showing that the ablated material is truly homogenized. For example, Cu and Ni form correlatory patterns (c.f. Fig. 4) , as do all the PGE. All the PGE, semi-metals and gold, an element often not present in the unhomogenized analyses, were present in all ablations of the homogenized inclusions and showed similar smooth correlatory patterns.
LA-ICP-MS of homogenized inclusions
Absolute concentration of Ni, Cu, PGE, Au and the semi-metals Bi and Te in the homogenized inclusions is shown in Table 2 Average concentrations of precious metals in the homogenized inclusions are 2.6 ppm Os, 8.6 ppm Ir, 36.5 ppm Ru, 30.7 ppm Rh, 190 ppm Pt, 161 ppm Pd and 6.2 ppm Au. These concentrations are remarkably similar to those calculated for bulk PGE in 100% sulfide by , which is also shown in Table 2 . On a chondrite-normalized plot (Fig. 5b) , the range in profile shape is much reduced compared with those of the unhomogenized inclusions (Fig. 5a) , and each pattern mimics that of the bulk rock sample. This, in the case of gold that always showed a distinct deficit in ablations of unhomogenized inclusions, clearly shows the robust nature of this technique in sampling representative material from any single inclusion.
A curious relationship noted within these analyses is that although the PGE ratios and subsequent chondrite-normalized profiles are consistent, Cu and Ni ratios vary considerably from one inclusion to the next (Table 2) . This shows that each droplet does not actually have a consistent composition in terms of major elements. The reasons for this are discussed below.
Discussion
Origin of the sulfide inclusions
Experimental data in the Fe-Ni-Cu-S system have been used to explore the partitioning behavior of PGE during the crystallization of monosulfide solid solution (mss) from a sulfide liquid (e.g. Fleet et al. 1993; Li et al. 1996; Barnes et al. 1997; Ballhaus et al. 2001; Mungall et al. 2005 ). The results of these studies have found that in S-rich, alloy-poor systems (applicable to the Platreef), the IPGE and Rh partition into mss, which then cools and recrystallises to pyrrhotite and pentlandite, with these elements remaining in solid solution. Studies on natural samples have confirmed this behavior (e.g. Ballhaus and Sylvester 2000; Barnes et al. 2006; . According to the experiments, Pt, Pd and Au will partition into the residual liquid after mss crystallization. However, rather than these elements partitioning into iss and then, with falling temperature, chalcopyrite, it seems that they are concentrated in a late stage, immiscible semi-metal-rich melt (Helmy et al. 2006; Holwell and McDonald 2010) . This is consistent with natural associations between Pt and Pd tellurides and bismuthotellurides concentrated around the margins of sulfide grains (e.g. Cabri and Laflamme 1976; Prichard et al. 2004; Barnes et al. 2006; . Thus, in the sulfide inclusions trapped within chromite we have studied, one would expect a fractionated droplet of IPGE-rich pyrrhotite, IPGE-rich pentlandite, chalcopyrite and a range of Pt-and Pd-semimetal PGM plus gold. It is likely that the PGM and the chalcopyrite would be located toward the palaeo-top, or more generally, the margins of the inclusion, but importantly, with no expulsion or loss of any late-stage PGE/ semi-metal-rich fluid to the surrounding silicate material (Prichard et al. 2004) .
In general, this is exactly what is observed in our analyses of the unhomogenized inclusions, with a consistent sulfide mineralogy of pyrrhotite, euhedral pentlandite and chalcopyrite, and even some small PGM visible (Fig. 4) . The IPGE have a good correlation with S and Ni, indicating their presence in solid solution within sulfide, and Pt appears to be controlled by Bi, indicating its presence as discreet PGM. Chalcopyrite is generally more concentrated toward the margins, as expected, although there is no way of ascertaining any palaeo-orientation of the grains (as in Prichard et al. 2004 ), due to the likely turbulent nature of the magmatic system during cooling as crystallization of the surrounding silicate liquid. Curiously, many of the inclusions also contain pyrite coexisting with the other sulfide phases, which is not necessarily what is expected. It is possible for pyrite to exsolve from S-rich pyrrhotite, but this would only produce around 10% pyrite (A. J. Naldrett, pers. comm, 2007) , whereas in our inclusions pyrite is, on average, present in similar proportions to pyrrhotite. What is more likely is that the pyrite is an alteration product from pyrrhotite which has lost Fe to chromite. In this case, the loss of Fe from sulfide to surrounding chromite would produce excess sulfur (Naldrett and Lehmann 1987) . Due to the trapped nature of the inclusions, this excess sulfur cannot be lost and so causes mineralogical changes instead, with pyrrhotite converted to pyrite.
The common occurrence of small, apparently chalcopyrite dominant 'satellite' inclusions close to larger inclusions (e.g. Fig. 3b ) initially appears to be from the simple sampling bias as already described; however, our data show that some of the homogenized inclusions are Curich and others Ni-rich, which would not be expected if these are true representations of a homogenous sulfide liquid. This may be due to the trapping of two separate sulfide liquids, i.e. from a sulfide that has already fractionated. What is perhaps more likely, and the interpretation we favor, is that the occurrence of small, Cu-rich inclusions very close to larger more Ni-and Fe-rich ones can be explained as being the result of small droplets of the Cu-rich liquid (iss), formed during the crystallization of mss at around 1,000°C, that became separated and squeezed out as the chromite underwent lattice reorganisation during cooling. Therefore, in some cases where this has occurred, major element data need to be treated with caution. This interpretation still implies that the initial trapping took place at magmatic temperatures of a fully liquid sulfide.
The analyses of the droplets clearly show that this early sulfide was enriched in PGE. The fractionated nature of the droplets, allied with the cutting and sampling problem means that even averaged, the results of the ablation of unhomogenized inclusions will never be totally representative of the initial composition of that sulfide droplet. The technique of homogenizing the sulfide droplets allows the accurate analysis of these inclusions to high precision, with a high degree of confidence. While the homogenization and quenching has produced sulfides with some fine-grained exsolution textures (Fig. 7) , these fine-scale variations are too fine-grained to have a significant effect on the subsequent LA-ICP-MS analysis. The robustness of the technique is seen in the smoothing of profiles in both Figs. 5 and 8 and in particular by the difference in Au content. The discrepancy in the Au content between homogenized and unhomogenized inclusions is interpreted to be an extreme case of the nugget effect affecting how representative the analyses are. Clearly there must be gold in the inclusions, although most of the unhomogenized ones have very little, suggesting that Au was preferentially lost in the cutting and polishing process, which would imply that it is concentrated on the margins of the droplets.
There also remains the possibility that diffusion of elements may occur after initial crystallization. Spandler et al. (2007) showed that rare earth elements can diffuse from silicate melt inclusions into host olivine and chromite and that this REE diffusion is sufficiently rapid to counter the effects of low partition coefficients. This allows a significant flux of REEs through the olivine and chromite and thus Spandler et al. (2007) challenged the accepted view that trapped melt inclusions truly represented the initial composition of a trapped melt. The inclusions we have studied differ fundamentally from those of the aforementioned work in that they are sulfide, rather than silicate inclusions. Partitioning of the PGE into sulfide is so strong, it is unlikely that diffusion of PGE into chromite would be significant or even occur at all, and therefore the concentrations of PGE seen in sulfide melt inclusions are likely to represent true parental compositions.
Implications for genesis of Platreef mineralization
In this study, we have identified droplets of PGE-and semimetal-rich sulfide within very early crystallising chromite at the base of the Platreef sequence on Overysel. This has implications for assessing the initial composition of the Platreef sulfide, as due to their presence as trapped droplets, any fractionation will occur within the droplet, with little or no ability for any fractionated liquid or fluid-rich phase to migrate away, as is possible with the interstitial blebs. In addition, the droplets should be isolated from any further upgrading of PGE, or dissolution of sulfide, as modelled by Kerr and Leitch (2005) . Therefore, metal ratios and abundances in these early trapped liquid droplets can provide evidence of the composition of the initial mineralizing Platreef sulfide that is fundamental in testing models for Platreef genesis.
The results of the ablation of the homogenized inclusions reveal that they are very PGE-rich. They are almost identical to the bulk composition, recalculated to 100% sulfide of the interstitial sulfides of the Platreef calculated by and are also comparable to those calculated for the Merensky Reef by Godel et al. (2007) and slightly higher than those calculated by Naldrett et al. (2009) for the Merensky Reef. This shows that the initial magmatic sulfide present within the Platreef magma was already highly enriched in PGE, and during cooling and crystallization of the sulfide, the PGE tenor may have been diluted slightly by the addition of country rock sulfur from contamination processes (e.g. Sharman- Harris et al. 2005; ). There is some variation between inclusions, however, in terms of bulk PGE composition, although PGE ratios are consistent, as shown by the chondrite-normalized patterns. The variation in precious metal tenor may be a factor of where each droplet was mobilized from. For example, higher tenors may be found closer to conduits in the deeper plumbing system , although when mobilized, individual droplets from different parts of such a conduit system may have been entrained together.
This offers support to the notion that the Platreef sulfides attained their high PGE tenors prior to emplacement, for example in a staging chamber McDonald and Holwell 2007) . Due to the fact that the Platreef was intruded as a sill, or series of sills, without a large volume of mafic magma residing above it , the magma must have brought in entrained PGE-rich sulfides, with sulfide saturation and PGE enrichment taking place at an earlier, deeper stage. The presence of these highly PGE-enriched sulfide droplets within the earliest crystallising phase in the Platreef is entirely supportive of this theory. These observations are consistent with processes modelled by Kerr and Leitch (2005) and with the discovery of chalcophile-elementdepleted magmas associated with the pre-Platreef intrusions of the Lower Zone in the northern limb (McDonald et al. 2009 ). Kerr and Leitch (2005) modelled PGE tenors in sulfide systems involving interaction with multiple stages of magma, including cases where passage of subsequent magmas over pre-formed sulfides may dissolve some sulfide, but leave PGE within the remaining sulfide, thus producing very high PGE tenors in sulfides in such systems. Kerr and Leitch (2005) state that for a closed system (with D Pt = 10,000 and R = *10 6 ), only around 180 ppm Pt can be generated in the sulfide. Our data show some droplets with concentrations several times this (Table 2) , which is consistent with their multistage upgrading models, which in turn supports the model of Platreef enrichment in a staging chamber or conduit system .
Average Pt/Pd ratios are just above unity, which is slightly higher than average for the Platreef which are generally in the region of unity or below Kinnaird 2005; . This may be an artifact of the samples used in this study being of only a relatively limited provenance, and the authors are currently involved in a much broader study of these inclusions which will be reported elsewhere. If the compositions of the homogenized droplets are representative of the Platreef and northern limb in general, they also lend support to the arguments of McDonald et al. (2005) who used PGE geochemistry, and in particular Pt/Pd ratios of close to unity to argue against a potential link between the Platreef in the northern limb of the Bushveld Complex and the Merensky Reef and Critical Zone of the rest of the Complex (e.g. Kruger 2005 ). The Merensky Reef has Pt/Pd ratios of around 2, and the modeling of Godel et al. (2007) and Naldrett et al. (2009) all give Pt/Pd ratios of close to or just under 2 for modelled sulfide liquid parental to the Merensky Reef.
The only semi-metals detected in significant amounts in the homogenized droplets were Bi and Te and some minor As. Bismuth and Te typically form PGM with Pt and Pd, and in the more 'primary' Platreef mineralization in areas such as Overysel , these are the most common PGM. Some arsenides (mainly sperrylite) are observed in all sections of the Platreef, and small amounts in the 'primary' assemblages are likely to be of magmatic origin. In more contaminated section such as Turfspruit, where a significant assimilation of shales (from the Duitschland formation) has taken place (Hutchinson and McDonald 2008) , and in the footwall rocks at Sandsloot , there is a higher percentage of As-and Sb-bearing PGM. The presence of abundant Asand Sb-bearing PGM has been suggested to be due to assimilation of these elements from the shale during contamination McDonald 2008) . At Sandsloot, hydrothermal redistribution into the footwall has formed As-and Sb-dominant assemblages in footwall calc-silicates , and it is likely that these elements have been sourced from the floor rock sediments during fluid interaction at this locality. The Platreef at Overysel is intruded at a lower stratigraphic level, between basement gneisses and Malmani dolomites that do not contain elevated levels of As and Sb, and the lack of these elements in the droplets analyzed here is entirely consistent with these concepts.
Wider implications of the technique
The technique of homogenizing sulfide inclusions has significant implications for a range of geological problems This pilot study has shown the potential for using this technique in determining initial metal concentrations and relative timing of precious metal enrichment within immiscible sulfide droplets at magmatic temperatures and the implications for the genesis of, in this case the Platreef, but in principle the technique is generally applicable to any magmatic sulfide system where sulfide liquid droplets are trapped by a host mineral. In addition to this, the technique has significant further applications, with the potential to determine S and Os isotope signatures of the droplets, with the sources of S and precious metals fundamentally important in generating genetic models for PGE-Ni-Cu sulfide deposits. This in turn has implications for developing exploration models for such deposits, with genetic models playing an integral part in exploration strategy. For example, using the conclusions put forward here for the Platreef, there are implications for further deposits within deeper chambers or conduit systems feeding the Platreef. Similarly, this technique could be applied to studies of other known conduit systems such as Voisey's Bay, Uitkomst or Noril'sk.
A further application could be for investigating sulfide inclusions in mantle rocks, including those in diamonds, a truly representative analysis of which is essential in being able to interpret mantle processes from such inclusions. The analysis of sulfide inclusions in diamonds, for example using Os isotopes, also has the same problem of ablating fractionated droplets, and the question therefore of whether a truly representative analysis is gained.
Conclusions
Trapped sulfide inclusions hosted by early crystallising phases in mafic intrusions, such as chromite, hold evidence for the nature of early sulfide liquids in terms of metal concentrations and ratios and isotope ratios. This information can be crucial in determining processes of ore formation such as the timing of sulfide saturation and metal enrichment in magmatic PGE-rich sulfide ores. The problem of preferential sampling encountered during cutting and polishing of fractionated droplets can be eliminated by homogenizing the sulfide by heating to a temperature of 1,195°C and quenching. The data presented here clearly show the benefits of using this approach. Application of this technique to droplets of sulfide trapped in chromite in the Platreef has shown evidence of an early, highly PGErich sulfide liquid, which supports genetic models for the formation of the Platreef involving pre-concentration of sulfide with PGE at an early, deep stage prior to intrusion. The method can be widely used to investigate ore genesis in magmatic sulfide deposits and also has the potential to be used in studies of mantle processes, e.g. sulfide inclusions in diamonds.
